A 6-DOF monolithic nanopositioning stage is developed for three coordinate measuring machines (CMM) with nanometer resolution. The stage consists of a monolithic flexure hinge mechanism, six piezoelectric actuators and six fiber-optic displacement sensors. A mathematical model of the constraint optimization problem is presented. Based on the solution of the optimization problem, the final design of the 6-DOF stage is also presented. The numerical analysis on static and dynamic behavior of the stage is done by using the finite element method. The experimental results of the performance of the 6-DOF stage are presented.
Introduction
Measurement software is used to realize adjustment of measuring position and correction of spacial compositive error of workpiece for three coordinate measuring machines (CMM), but the software error can not be ignored for nanometer-scale measurement. Therefore, the method of fine adjusting of stage to correct spacial compositive error is considered. That is, the hardware correction is used for nano-CMM. At the same time, the measurement range of nanomeasuring instrument often is limited, moving the stage is necessary for making the workpiece posture to meet measurement requirements approximately. So, it is very necessary to study a 6-DOF micro-stage with short travel range (microscale), high accuracy (nanoscale) and high sensitivity.
The stack-type [1] or multi-truss [2] structure is often applied to multiple DOF stage sold in the market. Each degree of freedom motion of the stack-type stage commonly is independent. The more DOF of motion, the more layer of the stage. So the structure is complex and hard to achieve miniaturization, and the time of step-by-step adjustment of the stage also is long. Each degree of freedom motion of the multi-truss stage is related and adjustment of the stage is relatively easy, but its control model is complicated and accuracy often can not meet the demands of nanomeasurement. This kind of stage is also hard to achieve miniaturization. Thus, a 6-DOF monolithic micromotion stage with simple structure and easy control can be designed. It may not only be used for precision positioning of workpiece, but also for hardware correction of spacial compositive error of workpiece for nano-CMM.
Piezoelectric actuators are known for the unique features of compact size, swift response, high resolution, electrical mechanical coupling efficiency, and low heat. The flexure hinge has numerous advantages, such as smoothness of movement, no need of lubrication, zero backlash, and high precision [3] . Therefore, flexural-hinge guided motion nanopositioners driven by piezoelectric actuators are widely used in many fields.
The Structure and Working Principle of the 6-DOF Monolithic anopositioning Stage
The schematic drawing of the 6-DOF monolithic nanopositioning stage is shown in Fig. 1 . It is a frame structure and manufactured by the precision wire electrical-discharge-machining (EDM) from a single aluminum blank. The inner platform 2 and the middle platform 6, the middle platform 6 and 8 and the middle platform 8 and the outer portion 10 are connected by flexible hinges 1,4 and 9, respectively. The flexible hinge is a key component to the motion accuracy of a stage, and symmetrical parallel four-bar mechanisms in X-, Y-and Z-direction are all specially designed to prevent lateral movements. The multilayer piezoelectric ceramic of the size 5×5×30 mm 3 is chosen for this actuator. They are capable of expanding 30µm at 200V and providing a force of 800N. These piezoelectric actuators are contacted to the platforms 2, 6 and 8 by steel balls at one end and fastened at the other end using adjusted screws to eliminate the clearances between the balls and the platforms. The monolithic stage allows for three-translational and three-rotational motions and is provided with six piezoelectric actuators. A total of six fiber-optic displacement sensors are installed to measure the displacement. The sensors for the X-axis and Y-axis are placed at the extension lines of the PZT1, PZT2 and PZT3 central lines to erase Abbe errors. The outer portion 10 is fixed on a base by four bolts. The stage has six-degrees-of-freedom performance by using different parts of piezoelectric actuators to push the flexible hinges. By using the PZT2 and PZT3 with the same voltage, the middle platform 6 can be made to move in the X-axis. By using the PZT2 or PZT3, the middle platform 6 can rotate in the Z-axis. By using the PZT1, the inner platform 2 can be made to move in the Y-axis. There are three piezoelectric actuators (PZT4, PZT5 and PZT6) on the Z-axis. These are vertically arranged in an equilateral triangle shape in the bottom surface of the middle platform 8 (not shown in Fig. 1 ). By using the three piezoelectric actuators with the same voltage, the middle platform 8 can be made to move in the Z-axis. When the PZT4 pushes or PZT5 and PZT6 push the platform 8, the platform 8 rises and the rotational angle θ x is reduced. When the PZT5 or PZT6 pushes the platform 8, the platform 8 also rises and the rotational angle θ y is reduced.
Optimal Design of the 6-DOF Stage
The stage must satisfy the following performance requirements when the structure parameters of the micro-motion stage are designed.
(1) the displacement of the stage is enough;
(2) the maximum stress occurring at the flexible hinge is less than the yield stress of the hinge material; (3) the expansion force provided by the piezoelectric actuator is large enough to bend the flexure hinges against their stiffness; (4) in order to make the stage has good dynamic characteristics and anti-interference capability, the natural frequencies of the stage are as high as possible.
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The X-, Z-stage mechanism and working principle are similar to that of the Y-stage. Therefore, in the following analysis, only Y-stage is treated.
First, consider the natural frequency of the Y-stage and the force required to move the Y-stage. Let us assume that elastic deformation only occurs at the flexible hinges, other parts are considered as rigid bodies and that only the platform has its mass and the others are massless. Let us also regard the flexible hinges as rotational springs, and the rotational stiffness [4, 5] of the rotational spring is represented by ( )
where E, b 1 , r 1 , t 1 and m 1 are the Young's modulus of the stage material, thickness of the Y-stage, radius of the hinge, minimum thickness of the hinge, and mass of the platform, respectively. The symmetrical parallel four-bar mechanism is modeled as translational spring, and the stiffness of the translational spring is defined by
where L 1 is the link length of the parallel four-bar mechanism. So, the natural frequency of the Y-stage is obtained by
When the inner platform moves ∆y in Y direction, the force required to move the Y-stage is
Second, consider the maximum stress constraint. Because the maximum stress occurs at the hinge point with minimum thickness [6, 7] 
where M z is the moment at the hinge, and C is a stress concentration factor 
where X p is the maximum elongation of piezoelectric actuator. Third, consider the constraints for the Y-stage size. Based on the description of variables in Fig. 1 , there can be two additional constraints. They are
where D 1 is the width of the groove and x 1 is the half width of the inner platform, as shown in Fig. 1 . 0.18 is the EDM width. Based on the previous analysis, it is very clear that the performance of the Y-stage, such as the natural frequency, force required moving the Y-stage and maximum stress, is influenced heavily by the structure parameters, including link length L 1 , minimum thickness of the hinge t 1 , thickness of the Y-stage b 1 and radius of the hinge r 1 . So, these structure parameters are regarded as design variables of the optimization problem. The objective of the optimization problem is to maximize the natural frequency of the Y-stage. In summary, the described optimization problem can be written as minimize: 100000-f(L 1 ,t 1 ,b 1 ,r 1 ) subject to: r
g > and: 0.5<r 1 <5; 0.1<t 1 <2; 1<L 1 <20 where F m is the maximum force provided by piezoelectric actuator and [σ] is the yield stress of the stage material.
For the solution method formulated in the previous part, a zero-order method and ANSYS are used. The link length L 1 , minimum thickness of the hinge t 1 and radius of the hinge r 1 are all obtained (the thickness of the stage b 1 is determined by the diameter of the sensor). Using the same method, the geometric parameters of X-and Z-stage also can be obtained.
Result and Analysis
According to the results of the optimal design, these parameters values are given as follows: r 1 =r 2 =1,t 1 =t 2 =0.5,b 1 =b 2 =25,L 1 =L 2 =10,r 3 =1,t 3 =1,b 3 =13,L 3 =12. The 6-DOF stage material is aluminium alloy LY12, its Young's modulus E=7.2×1010N/m 2 , Poisson's ratio µ=0.33, and density ρ=2780 kg/m 3 . The geometric model of the 6-DOF stage is established using ANSYS and meshed by 3-D structural solid element SOLID45. The mesh of the flexure hinges in X, Y and Z direction are all refined considering stress concentration.
The static analysis of the 6-DOF stage is performed. From the simulation results, the maximum rotational angle along the X-,Y-and Z-axis are 444, 383 and 246 µrad, respectively and the maximum travel along the X-,Y-and Z-axis are 30 µm. When the 6-DOF stage reaches the maximum displacement along the X-, Y-and Z-axis, the maximum stress occurring at the hinge point with the minimum thickness are 62.8, 133.4 and 82.8 Mpa, respectively. These are all quite smaller than the yield strength of the LY12 (470 Mpa). The first six natural frequencies of the 6-DOF stage are calculated by the modal analysis and given in Table 1 . The first natural frequency is larger than 200 Hz and meets the demand. 
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There are two reasons, one is that the four flexure hinges of Y direction can not be manufactured identically, the stage has the lateral motion because of machining error, and the other is that in the experiments, the maximum length change of the piezoelectric actuator is approximately 27 µm. The resolution of the stage is less than 50 nm. 
Conclusion
The design and analysis of the 6-DOF monolithic nanopositioning stage have been presented. A mathematical formulation of the optimization problem has been described and solved. Based on the result of the optimization problem, the final design of the stage is presented. The performance of the 6-DOF stage is analyzed with ANSYS and measured. The resolution of the stage is less than 50 nm, and the stage meets the demand of the nano-CMM.
